Summary. The majority of the neutralizing epitopes of papillomaviruses (PV) are conformation-specific and have not been fully characterised. Studies have, to date, been limited to a few HPV types only. We analysed the epitopes on the major capsid protein (L1) of Human papillomavirus (HPV) type 31 using monoclonal antibodies (MAbs) generated against HPV-31 virus-like particles (VLPs). The type-specific MAbs against HPV-31 were all found to be neutralizing and recognized conformation-dependent epitopes. Two other MAbs directed against a conformational epitope were found to be cross-reactive with other HPV types, and one of them was found to be cross-neutralizing. Cross-reactive antibodies were further investigated using wild-type HPV-16 L1 VLPs and two mutants. The results obtained suggested the existence of a cross-neutralizing conformational epitope at the N-terminal part of the FG loop of the major capsid protein, and the other four cross-reactive MAbs recognized epitopes also located at the N-terminal part of the FG loop.
Introduction
Papillomaviruses are small non-enveloped viruses with T = 7 icosahedral symmetry. The viral genome is approximately an 8-kb double-stranded DNA genome encapsidated in a structure consisting of 72 capsomers composed of L1. There is also a minor capsid protein involved in the capsid structure; its exact interaction and location in relation to L1 have not been fully characterised; however, it is proposed that the ratio of L1 to L2 is 30:1 [20] . Immunization with self-assembled VLPs made up of L1 or L1 and L2 induces neutralizing antibodies that confer type-specific and long-lasting protection in 3 different animal models of papillomavirus infection [2, 21, 34] . In recent years, considerable progress has been made towards the development of prophylactic human papillomavirus (HPV) vaccines to prevent genital HPV infections [17, 45] , and evidence of clinical protection has recently been demonstrated [16, 22] . However, no evidence has been observed that this vaccine elicits cross-protection against other HPV types [22] . The HPV vaccines currently under development contain VLPs of types 16 and 18, the two types most frequently associated with cervical neoplasia [28, 40] . Human papillomavirus types 31, 33, 39, 45, 52 , and 58 are the other most frequently detected genotypes in cervical cancer patients after HPV-16 and HPV-18 [28] . The inclusion of the corresponding VLPs in the composition of HPV vaccines has therefore to be considered. Both linear and conformational epitopes have been identified on the surface of HPV L1 VLPs [9, 10, 18, 39, 41, 44] . It is now well established that conformational epitopes are responsible for neutralizing antibody production [7, 14, 21, 42, 43] . Since neutralization epitopes of HPVs are conformation-dependent, their amino-acid composition and surface localization have not been fully characterized, and studies have been mainly limited to types 6, 11 and 16.
Anti-HPV monoclonal antibodies have been generated against the L1 protein of different human papillomavirus types, and they have been used to map the neutralization epitopes for types 6, 11, 16 , and 31 [4, [24] [25] [26] 43] .All conformationdependent monoclonal antibody epitopes identified to date are type-specific and have been found to reside on the VLP surface within hypervariable loops, with the exception of the H16.U4 MAb, which was recently demonstrated to bind the C-terminal arm of HPV-16 L1 between residues 427 and 445 [4] . L1 binding sites of neutralizing monoclonal antibodies raised against L1 VLPs include residues within the DE loop for type 11 [24, 25] , residues within BC and EF loops for type 6 [27] , and residues within the FG loop for type 16 [30, 32, 43] . Only one MAb (H31.A6) has been produced for HPV-31 [9] . This antibody is neutralizing [12] and recognizes a conformation-dependent epitope located on the EF loop [4] . Since HPV-31 is the fourth-most prevalent HPV associated with cervical cancer, we generated both HPV-31 murine MAbs and HPV VLPs, and used them to characterize the antigenic structure of its capsid protein.
Materials and methods

Generation and purification of HPV VLPs
HPV VLPs were produced in Sf 21 insect cells using recombinant baculoviruses encoding the L1 gene of HPV-31, and HPV-16, -18, -31 and -58 L1 and L2 genes [13, 36] . In addition, two HPV-16 L1 mutants with a hepatitis B core (HBc) 78-83 encoding sequence within the FG loop inserted at position 266/267 (L1-HBc 266/267) and 283/284 (L1-HBc 283/284) [32] were used in order to locate the cross-reactive conformational epitope. Sf 21 cells maintained in Grace's insect medium (Invitrogen, Cergy Pontoise, France) supplemented with 10% fetal calf serum (FCS; Invitrogen) were infected with the 7 respective recombinant baculovirus constructs and incubated at 27 • C. Three days post infection, cells were harvested, and VLPs were purified as previously described [13, 36] . Briefly, cells were resuspended in phosphatebuffered saline (PBS) containing Nonidet P40 (0.5%), pepstatin A, and leupeptin (1 µg/ml each, Sigma Aldrich, Saint Quentin Fallavier, France), and allowed to stand for 30 min at 4 • C. Cellular lysates were then centrifuged and nuclear pellets were resuspended in ice-cold PBS containing pepstatin A and leupeptin and then sonicated. Samples were then loaded on a CsCl gradient and centrifuged to equilibrium (Beckman SW28, 27,000 rpm, 22 h, 4 • C). CsCl gradient fractions were analysed by refractometry for the correct CsCl density and the presence of L1 proteins by electrophoresis in 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) with Coomassie blue staining. Positive fractions were pooled, diluted in PBS, and pelleted by ultracentrifugation (Beckman SW 28, 28,000 rpm, 3 h, 4 • C). VLPs were then resuspended in 0.15 M NaCl and sonicated by one 5 s burst at 60% maximum power. Total protein content was determined using the MicroBCA kit (Pierce, Ozyme, France). The selfassembly of the different HPV-L1 into VLPs was checked by electron microscopy. For this purpose, VLP preparations were applied to carbon-coated grids, negatively stained with 1.5% uranyl acetate, and observed at ×50,000 nominal magnification with a JEOL 1010 electron microscope.
Generation of HPV monoclonal antibodies
Six-to eight-week-old female Balb/C mice (IFFA Credo, St. Germain l'Arbresle, France) were immunized by intrapodal injection with purified HPV-31 L1 or HPV-31 L1/L2 VLPs (50 µg) emulsified in Quil A (50 µg), conducted as previously described with minor modifications [35] . After 12 days, each mouse was boosted with the same preparation. Three days thereafter, mice were sacrificed and popliteal lymph nodes were collected. Lymphocytes were collected by perfusing the lymph node with RPMI 1640-Glutamax medium (Invitrogen). Cells were washed once in RPMI and centrifuged at 300 g for 5 min and mixed with Sp2/O myeloma cells at a ratio of 1:5. The cells were then collected by centrifugation at 300 g for 5 min and fusions were performed as previously described [37] . Hybridoma culture supernatants were screened for antibody reactivity to both intact and denatured L1 and L1/L2 HPV-31 VLPs. The subsequent steps of subcloning and production of ascites fluid were performed by standard procedures. Subclones were isotyped using the mouse MAb isotyping kit according to the recommended procedure (Sigma-Aldrich). For preparation of ascites, 500 µl of tetramethyl penta-decan (Sigma-Aldrich) were injected into the peritoneal cavity of 6 to 8-week-old female Balb/C mice, and two weeks later, 10 6 hybridoma cells diluted in 500 µl of RPMI 1640 glutamax were injected into peritoneal cavities. Ascites fluids were centrifuged at 5000 g for 5 min at 4 • C and then stored at −20 • C before use. MAb CamVir-1 was purchased from Pharmingen (BD Biosciences, Le-Pont-de-Claix, France), and H16.V5 [9] was the kind gifts of N. D. Christensen (The Milton S. Hershey Medical Center, Hershey, PA, USA).
Detection of anti-L1 and anti-L2 antibodies
Microplates (Maxisorp, Nunc) were coated with 200 ng per well of native or denatured VLPs and incubated at 4 • C overnight. VLPs were dissociated by treatment with 0.1 M carbonate buffer (pH 10.6) and 0.01 M dithiotreitol (DTT) in PBS for 30 min at 37 • C. After two washes with PBS-Tween 20 (0.1%), wells were blocked with PBS supplemented with 1% FCS for 1 h at 37 • C. Duplicate wells (two tests and one control) were incubated with hybridoma culture supernatant diluted 1/3 in dilution buffer (PBS 5X, 1% Tween, 10% FCS) for 1 h at 37 • C. The plates were washed four times and probed with peroxidase-conjugated goat antimouse Ig Fc (Sigma-Aldrich; 1:5,000 dilution) for 1 h at 37 • C. After four washes, 100 µl of a solution containing 0.4 mg/ml o-phenylene-diamine and 0.03% hydrogen peroxide in 25 mM sodium citrate and 50 mM Na 2 HPO 4 was added. The reaction was stopped after 30 min with 100 µl 4N H 2 SO 4 and absorbance was read at 490 nm. A positive result was scored when the difference in OD between test and control wells was greater than 0.20. Endpoint titers were calculated as the last of serial threefold dilutions to yield a positive result. The data presented are the means of two to three determinations.
Preparation of pseudovirions and infectivity assays
Neutralization of the HPV-16 and 31 pseudovirions with anti-L1 antibodies and anti-L2 antibodies was investigated by inhibition of gene transfer according to a previously described protocol [1] using L1 or L1/L2 VLPs, respectively. Briefly, 10 4 COS-7 cells, cultured in complete Dulbecco's modified Eagle's medium (Invitrogen, DMEM supplemented with 10% FCS, 100 IU/ml penicillin and 100 µg/ml streptomycin) were seeded in 96-well plates and incubated for a day at 37 • C. Thereafter, cells were washed twice with DMEM medium. VLPs were mixed with EcoRI-linearized 7.1-kbp pCMV-Luc plasmid (Clontech, Ozyme, Montigny le Bretonneux, France) coding for luciferase, at a 10:1 weight ratio and incubated at room temperature for 30 min. The quantity of DNA/VLP complexes was adjusted to give a luciferase activity of approximately 1,500 cps. Fifty µl of hybridoma supernatants diluted at 1/3 in incomplete DMEM medium was added to pseudovirions and incubated at 37 • C for 30 min before addition to the cells. After 3 h at 37 • C, supernatant was removed and 200 µl complete DMEM was added to cells. Cells were then incubated for 48 h at 37 • C. Luciferase gene expression was measured by luminescence assay (Luciferase reporter gene assay with constant light signal, Roche Molecular Biochemical, Meylan, France). Results were expressed as the percentage of inhibition of luciferase activity. 100% inhibition corresponded to the luciferase activity obtained with DNA alone, and 0% inhibition corresponded to the luciferase activity obtained with each of the pseudovirions. Antibodies were considered to be neutralizing for inhibition greater than 80%. The data presented correspond to those obtained for 2 to 3 determinations performed in duplicate. End point titers were calculated as the last serial threefold dilution with inhibition of the luciferase expression.
Epitope mapping using synthetic peptides
Seventy-one 19-amino-acid peptides with a 12-amino-acid overlap, representing the fulllength amino acid sequence of the HPV-31 L1 [15] , were synthesized (N-terminal biotinylated with an SGSG spacer; Pepsets, Mimotopes, Clayton Victoria, Australia) with the exception of the first peptide, which was synthesized as C-terminally biotinylated with the spacer at its C-terminus. Twenty-one 12-amino-acid peptides, with a 9-amino-acid overlap, representing amino acid sequences 198 to 221 (EF loop) and 250 to 306 (FG loop) of the HPV-31 L1 protein, were also synthesized. All of the synthetic peptides were diluted at 20 µg/ml in PBS (pH 7.3) with 0.1% BSA and added to the wells of a streptavidin-precoated plate (Mimotopes). After 1 h incubation at 37 • C, and 4 washes with PBS, 0.05% Tween 20, the plates were blocked with 0.1% BSA in PBS for 1 h at 37 • C. The MAbs diluted 1/3 in dilution buffer were added and allowed to react for 1 h at 37 • C. After 4 washes with PBS-Tween 20, a peroxidase conjugated goat antibody against murine IgG (Sigma-Aldrich) diluted 1:5000 in dilution buffer was added, and the plates were incubated for 1 h at 37 • C. The plates were washed 4 times and the peroxidase activity was measured as above.
Detection of MAbs reactivities against WT and mutant VLPs
Reactivity of MAbs was also investigated against wild-type and mutant VLPs. For this purpose, ascite fluids were diluted at 1/250 and tested simultaneously against the three VLPs according to the procedure described above for the detection of L1 antibodies. The results are the means of 3 or 4 determinations, and the results observed with mutant 283/284 were adjusted according to the results observed with CamVir-1 MAb.
Results
Reactivity of the HPV-31 MAbs produced
After subcloning of the HPV-31 reactive hybridomas, eighteen subclones were selected for further study. Only one such clone was produced from a mouse immunized with L1 VLPs and the 17 others from mice immunized with L1/L2 VLPs. The antibodies produced by these 18 subclones were investigated for crossreactivity using L1/L2 VLPs for types 16, 18 , and 58 and for neutralization using HPV-31 L1 pseudovirions as described previously [1] . MAbs were tested by ELISA using intact and denatured HPV-31 VLPs composed of L1 alone or L1/L2 proteins ( Table 1) . None of the monoclonal antibodies identified reacted only with L1/L2 VLPs, indicating that all were directed against L1 epitopes and none was directed at an L2 epitope. To investigate the possibility that some hybridomas produced L2 antibodies but were not detected by ELISA using L1/L2 VLPs, we tested 37 anti-HPV-31 L1-negative hybridomas for the production of neutralizing antibodies using HPV-31 L1/L2 pseudovirions. No neutralizing effect was observed for any of the hybridomas investigated (data not shown). In order to detect cross-reactivity, HPV-31 L1 monoclonal antibodies were also investigated for their binding to intact and denatured VLPs for types 16, 18, and 58. Fifteen MAbs were found to bind to surface conformational epitopes, as they bound to intact but not to denaturated VLPs. One MAb (H31.D24) was reactive to a linear epitope present on the surface of the VLPs as it bound to intact and denaturated VLPs, and two MAbs (H31.B5 and H31.E22) recognized a buried linear epitope as they bound strongly to denaturated VLPs and only weakly to native VLPs. Two of the 15 MAbs that recognized a conformational epitope were cross-reactive with L1 VLPs for types 16 and 18, and one of them was also reactive with HPV-58 VLPs. All three MAbs (H31.B5, H31.E22, and H31.D24) recognized a linear epitope and were cross-reactive to HPV-16 VLPs, whereas two (H31.D24 and H31.B5) were cross-reactive with HPV-18 and -58 VLPs.
Neutralizing activity of HPV-31 L1 monoclonal antibodies
Neutralizing activity of the MAbs was investigated using HPV-16 and HPV-31 pseudovirions ( Table 2 ). Neutralization of HPV-31 pseudovirions was not observed with the 3 MAbs directed against a linear epitope (H31.D24, H31.B5, and H31.E22). All 13 MAbs directed against a type-specific conformational epitope were found to be neutralizing (a reduction greater than 80% of the gene transfer observed with the pseudovirions). H31.F7 and H31.C19 were found to have conformational epitopes. H31.F7 had cross-reactivity to HPV types 16, 18, and 58, whereas H31.C19 has cross-reactivity to HPV-16 and 18. In addition, H31.F7 MAb was found to be HPV-31-and 16-neutralizing. High neutralization activity was observed for H31.B18, H31.E17, H31.F16, H31H9, and H31.H12, since the ratio between their neutralizing and ELISA titers is higher than 0.1.
Epitope mapping of MAbs using overlapping HPV-31 L1 peptides
The HPV-31 L1 linear epitopes were further localized by reacting MAbs in an ELISA with a set of 71 overlapping peptides spanning the entire 504 residues of the L1 protein of HPV-31. HPV-16 CamVir 1 MAb and three MAbs reacting only with native VLPs were also investigated. As predicted, no reactivity to the peptides was observed for the three MAbs (H31.F7, H31.C19, H31.F16) that were reactive with conformational epitopes (data not shown). The MAb H31.D24 recognized linear sequences that lie between amino acids 267 to 285 (TVGESVPTDLYIKGS GSTA) and 275 to 292 (TDLYIKGSGSTATLANSTY) of the HPV-31 L1 protein.
CamVir-1 recognized sequences 190 to 208 (ELKNSVIQDGDMVDTGFGA) and 197 to 215 (QDGDMVDTGFGAMDFTALQ). None of these peptides were reactive with H31.B5 and H31.E22 MAbs. In addition, these 3 HPV-31 MAbs were tested against 12mer synthetic peptides spanning the FG loop of HPV-31 L1, and CamVir-1 antibody against 12mer synthetic peptides spanning the amino acid sequence 198 to 221 of the HPV-31 L1. From the results obtained, the SVPTDLYIK sequence (amino acids 271 to 279) was recognized by MAb H31.D24, and CamVir-1 recognized the MVDTGFGAM sequence (amino acids 201 to 209). None of the 12mer synthetic peptides investigated were reactive with H31.B5 or H31.E22 MAbs. The failure of H31.B5 and H31.E22 to react with any peptides could be related to the low reactivity of these antibodies since their ELISA titer was only 1/30.
Characterization of linear and conformational cross-reacting epitopes using mutants of HPV-16 L1 VLPs
The fact that 5 HPV-31 MAbs cross-reacted with HPV-16 VLPs prompted us to compare the binding of these antibodies to wild-type (wt) HPV-16 VLPs to the binding to VLPs previously generated with HPV-16 L1 protein mutants, corresponding to the insertion of a 6-amino-acid HBc sequence within the FG loop, at positions 266/267 and 283/284, respectively [32] . It is clearly evident (Fig. 1) . However, MAbs H31.F7, H31.C19, H31.B5, and H31.E22 had reduced binding to L1-HBc 266/267. As previously observed [32] , MAb H16.V5 used as control did not bind efficiently to either mutant compared to wild-type L1 VLPs, and CamVir-1 antibody directed against a linear epitope bound similarly to wild-type and mutant VLPs.
Discussion
We generated a panel of 18 MAbs reactive to HPV-31 VLPs and screened these MAbs for cross-reactivity to HPV-16,-18, and -58 by ELISA and for neutralization with HPV-16 and HPV-31 pseudovirions. Thirteen MAbs were type-specific and all of them recognized conformation-dependent epitopes since reactivity was lost by capsid disruption. Five MAbs (H31.B5, H31.E22, H31.D24, H31.F7, and H31.C19) were cross-reactive, three of these (H31.B5, H31.E22, and H31.D24) recognized linear epitopes and two (H31.F7 and H31.C19) recognized conformational epitopes. These findings suggest that the VLP preparation used for immunization and hybridoma screening contained mostly non-denatured VLPs since only two out of 18 MAbs recognized a buried epitope. In addition, it must be noted that no MAb directed against the L2 protein was produced. This could be due to the low proportion of L2 proteins in the capsid composition [20] , which means that only a small proportion of the L2 epitopes are presented at the surface of VLPs [6, 31] , or to the fact that L1 epitopes are immunodominant. Further, it is possible that the test we used for anti-L2 screening is less sensitive than for L1.
To investigate the possibility that the hybridomas produced anti-L2 antibodies that were undetectable by ELISA using L1/L2 VLPs, we tested anti-L1-negative hybridomas for the production of neutralizing antibodies. The absence of neutralization against HPV-31 L1/L2 pseudovirions confirmed that anti-L2 antibodies were not produced. In agreement with previous studies showing that many typespecific conformational MAbs identify virus-neutralizing epitopes [6-10, 12, 29] , we observed that HPV-31 type-specific MAbs were all found to be neutralizing and their ELISA reactivity was dependent on the conformation of the capsid. In addition, HPV-31 and HPV-16 neutralizing assays determined that only one of the 5 cross-reactive MAbs was cross-neutralizing with HPV-16 pseudovirions. This MAb (H31.F7) recognized a conformation-dependent epitope. This result is in agreement with the observation of Christensen et al. [10] that some cross-reactive HPV-6 MAbs neutralize HPV-11 virions. The existence of cross-reactive epitopes is correlated with the existence of high levels of cross-reactivity between these types [12, 14] . The above studies provide further evidence that cross-neutralizing epitopes exist between HPV-16, -31, and 58 [12] , as observed for HPV-6 and 11 [10] and types 18 and 45 [14] , and suggest that, as observed for the L2 protein [19, 31] , L1 contains common neutralizing epitopes. However, ongoing clinical trials demonstrate that, although high levels of protection against vaccine types are observed, no evidence of cross-protection has been obtained [3, 22] . This is in agreement with the fact that there is no epidemiological evidence of natural cross-protection between related HPV types [38] .
Since most HPV neutralization epitopes are conformation-dependent, their surface localization on VLPs have not been fully characterized. Only one HPV-31 MAb had been produced before this study (H31.A6). It was found to recognize an epitope situated on the EF loop [4] . The localization of conformational epitopes was previously obtained by investigation of the reactivity of MAbs to VLPs with insertion of foreign peptides within the different hypervariable loops of the L1 protein [32, 33] or hybrid papillomavirus VLPs [4, 11] . Similarly, we examined whether peptide insertion in the FG hypervariable region of HPV-16 L1 would disrupt HPV-16 cross-reacting MAb-binding to VLPs by ELISA. Since five HPV-31 MAbs cross-react with HPV-16, we investigated their reactivity with wild-type HPV-16 L1 VLPs and two mutants previously created by insertion of a short heterologous sequence within the FG loop of HPV-16 L1 protein at positions 266/267 and 283/284 [30] . In contrast to the binding observed with the H16.V5 MAb, the binding of which is affected by insertion at both positions [30] , MAb binding to VLPs was affected by insertion at position 266/267, but not by insertion at position 283/284 for H31.B5, H31.E22, H31.C9, and H31.F7. This result suggests the existence of cross-reactive conformational and linear epitopes at the N-terminal part of the FG loop. However, insertions can have both local and global structural effects on the surface loops of VLPs such that loss of binding is not a pure indicator of a specific conformational epitope site. In addition, we identified a linear cross-reactive epitope, SVPTDLYIK, as part of the H31.D24 epitope. This sequence is well conserved among high risk HPVs. This sequence is part of the ENVPDDLYIKGSGS sequence described as corresponding to H16.J4 [9] and 8C4, 5A4, and 1D6 MAbs described by Cason et al. [5] and part of the GTVGENVPDDLYIK sequence recognized by MC1-10 and MC-34 described by Kulski et al. [23] . This position is in agreement with the fact that the reactivity of this MAb was not affected by insertion of a foreign epitope at positions 266/267 and 283/284. This epitope is localized at the N-terminus of the FG loop and is surface-exposed at the top but also at the side of the capsomer.
In conclusion, the mapping and characterization of the epitopes of high-risk HPVs could contribute to understanding the immunopathobiology of HPV infections and could provide valuable information for the engineering of HPV vaccines. These MAbs will be important tools in attempts to monitor immunity developed in HPV vaccine recipients and to further characterize the protective epitopes on HPV-31 virions. HPV-31 mutants are therefore currently under development in order to investigate whether type-specific neutralizing MAbs are directed against the FG loop or not, as observed with HPV-16 [14, 30, 32] .
